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Nomenclature
Background
Internal combustion engines have been an important technological field for more than a century. This has had an important impact on society through improved transportation and industrial applications. Although the basic principle of the four-stroke engine has not changed since Beau de Rochas' patent in 1862, four-stroke engines have continuously been under development and still are. Reliability and output performance were the main domains of improvement until the second half of the twentieth century ,whereafter the focus has shifted to exhaust gas emissions and fuel consumption.
Concerns about the effects of green house gases (GHG) on climate changes has brought carbon dioxide, a major GHG, to the front scene of emissions discussions. A recent analysis showed that 23% of the UK's carbon dioxide emissions originate from internal combustion engines used in transportation, compared to 14% in 1980 [1] . These figures are representative of most western countries and show the need for research towards more fuel efficient solutions leading to lowered carbon dioxide emissions.
Due to its higher fuel efficiency, the diesel engine is interesting in the search for more energy efficient transports. However, as will be discussed later, stringent emissions legislations are challenging for diesel engine and highlight the need for cleaner combustion and advanced aftertreatment systems.
Alternative solutions to conventional powertrains, based on internal combustion engines, have emerged and been developed in the past few years. Examples are fuel cell vehicles, battery electric vehicles (BEV), and plug-in hybrid vehicles (PHEV), especially for light duty applications. These solutions offer an obvious tank-to-wheel carbon dioxide emission improvement, and even elimination in the case of the fuel cell or BEV.
Currently, the batteries have a very low energy density compared to conventional fuels, approximately 45 times lower, which implies a large weight to carry in the vehicles to assure a reasonable driving range. Details about the energy density of batteries and liquid fuels are given in Figure1. Even considering the low break efficiency of internal combustion engines, the energy density gap between batteries and common fuels remains significant.
Figure 1. Caloric energy density of batteries and liquid fuels [3]
Furthermore, the cost of batteries today causes a large difference in total cost of ownership between a diesel vehicle and a PHEV or BEV. The payback period appears lie in the range between 6 and 20 years in 2010, depending on the light-duty vehicle type, see Figure 2 [2]. The evolution of costs for the different technologies, fuels and electricity is taken into account to present the forecast for different years in the figure.
For heavy-duty vehicles, on the other hand, the extra-weight of batteries can be a significant obstacle in itself, depending on the application. Urban transport or waste collection vehicles, for example, cover relatively short distances at low speed and have to stop frequently. In such cases, an electrification of the vehicles is easier to achieve with reasonable battery weight. However, the situation is different for long distance commercial trucks. The long driving range at constant speed and high load would imply such a large battery weight that payload would be significantly affected. For example, the useful energy content of an average 600 liter diesel tank corresponds to approximately 10 tons of batteries, assuming 100% efficiency of the electric engine and 40%
for the diesel engine. Therefore, for long distance trucks, the ratio between load transported and energy consumed, which is related to CO2 emissions, appears to be more favorable for diesel engines. Another important factor is carbon dioxide emitted during electricity generation. The well-towheel analysis gives a more global view of the problem than solely tank-to-wheel. Within
European countries, for example, the CO2 emissions per unit of electricity generated varies largely. In the lowest case, a theoretical mid-size BEV would emit 8g CO2 emissions per km from well-to-wheel and 203g in the highest case, when a diesel version of this vehicle would emit 118g CO2 emissions per km. [2] . When it comes to fuel cells, the production and transport of hydrogen causes a poor overall efficiency and significant CO2 emissions [4, 5, 6] . For this reason, fuel cells have become less attractive powertrain solutions for mobile applications.
To summarize, considering global costs, battery weight, and well-to-wheel emissions, the different solutions have both advantages and challenges to consider. The situation in 2010 reveals significantly higher costs for electrified vehicles compared to diesel and the CO2 emissions are not necessarily lower depending on the method of electricity generation.
Developments in battery technology, internal combustion engines, electricity generation, and fuel costs will make the situation evolve over the coming decades. However, the diesel engine plays a major role in the transport sector and the potential for improvements makes it a viable solution.
Diesel engines
An important place in the automotive sector Diesel engines are dominant in the heavy-duty sector due to their lower specific fuel consumption and higher torque performance compared to gasoline engines. For light-duty applications, the share of diesels varies largely in time and location but a significant increasing trend is observed. In the european union (UE15), 51.9% of of passenger car registrations were diesels in January 2009 whereas they represented a share of only 29% in 1999 [7] . The geographical disparities are large. In Sweden, for example, this share evolved from 7.2 to 40% during the same period and 54.3 to 70.3% in Belgium [7] . However, despite differences in absolute market share levels and increase rates, all countries within the UE15 show a growing interest in light-duty diesel vehicles.
Diesel engines have seen significant improvements in terms of driving comfort and performance in the last decade, contributing to this trend. However, the higher fuel efficiency of the diesel engine compared to spark-ignited (SI) engines is a major factor behind this trend in the context of CO2 emissions reductions and unstable fuel prices.
The low fuel consumption of the diesel engine compared to its competitors was one major goal of Rudolf Diesel when developing his compression ignition concept in the 1890's [8] . The part load pumping losses of the diesel engine are significantly lower compared to SI since the intake air is not throttled. This is because the diesel engine works with excess air. Furthermore, as fuel is injected during the compression stroke and relies on auto-ignition to start the combustion, the compression ratio of diesel engine is higher compared to SI engines since knocking is not an issue. A higher compression ratio increases the thermodynamic efficiency and contributes to the higher brake efficiency of the diesel engine.
Diesel combustion and spray processes
Diesel engines, which are also called compression-ignition engines (CI), work according to the four-stroke cycle. The intake charge is compressed and the fuel is injected directly into the cylinder at the end of the compression stroke. High gas temperature resulting from the compression triggers autoignition of the air-fuel mixture near top dead center (TDC). The time elapsed between the start of injection and start of combustion, between 'a' and 'b' in Figure 3 , is referred to as the ignition delay. It is caused by the need of the air-fuel mixture to reach a high temperature, above 800 K, for ignition to occur. When mixture temperatures and local stoichiometry are right in some regions of the cylinder, the combustion starts spontaneously. This causes pressure and temperature to rise globally in the cylinder which causes ignition in other regions. This part is called the premixed combustion phase of the combustion and corresponds to the region between 'b' and 'c' in Figure 3 . Depending on the length of the ignition delay, the quantity of fuel premixed will vary. As a consequence the amount of heat released in the premixed combustion phase is largely depending on the ignition delay. A large amount of heat released in the premixed phase usually causes a high pressure derivative since the auto-ignition of premixed mixtures is very rapid. The high pressure derivative results in the characteristic diesel engine sound.
The third phase of diesel combustion is known as the rate-controlled or quasi-steady diffusion combustion, represented by the region between 'c' and 'd' in Figure 3 . The combustion is spray driven, i.e. fuel burns as it is injected, evaporated, mixed with air and ignited. After the end of injection (EOI), the late combustion phase takes place, marked by 'd' and 'e' in Figure 3 .
The third phase, the quasi-steady diffusion combustion, is important for conventional diesel combustion since it is often where most of the heat release takes place. A conceptual model describing combustion in quasi-steady diesel jets was presented by Dec in 1997. It is based on laser-diagnostic studies under certain operating conditions. [10] . It gives a general mental image, shown in Figure 4 , which is useful in research and development of diesel combustion systems.
Liquid fuel emanating from the nozzle vaporizes and mixes into a combustible but fuel rich mixture. This mixture is beige in Figure 4 and normally has a local equivalence ratio, Φ, between 2 and 4. A narrow, light-blue zone of fuel-rich premixed combustion surrounds this mixture. Soot formation starts from this region if the local equivalence ratio is above a sooting threshold value of about two [11] . The soot formation process continues in the downstream regions (dark blue and red-yellow in the figure) and soot particles increase in size until they reach the head of the jet.
A hot diffusion flame is located at the periphery of the jet where OH is observed and it is hypothesized that most of the thermal NO is formed in this region. This high temperature envelope around the jet is also where soot is oxidized by OH radicals. The distance between the nozzle orifice and the most upstream part of the OH envelope, referred to as the lift-off length, is an important parameter of diesel jets. The air entrainment rate into the central parts of the jet is the largest along this portion and, as mentioned previously, the equivalence ratio reached in the lift-off region influences the soot production processes [12, 13, 14] .
Air entrainment into the jet still occurs downstream of the lift-off region but, as the diffusion flame consumes a significant amount of oxygen, it does not tend to affect the equivalence ratio in the inner region of the jet.
It should be noted that the conceptual model was based on measurements at given operating conditions. Use of exhaust gas recirculation (EGR), change in nozzle dimensions, injection pressure, fuel properties or in-cylinder conditions will affect this picture in terms of the sizes or precise locations of certain zones. This results in a large total droplet area, leading to rapid vaporization up to the saturation limit. This means that vaporization cannot be enhanced by finer atomization. In stead, more air has to be mixed into the volume in order to go below the saturation limit. Spray vaporization under diesel conditions is thereby mixing limited, rather than limited by atomization. [15] . This is based on conditions in modern engines and common diesel fuel. Low volatility fuels, high viscosity fuels, larger nozzle holes, very low injection pressures or in-cylinder densities would likely shift the limiting process from mixing to atomization.
The discussion so far mainly concerns quasi-steady jets and conventional diesel combustion. As will be discussed in the next section, emissions legislations are a continuous challenge for diesel engines and have brought forth alternative combustion concepts. Low temperature combustion (LTC), also called partially premixed combustion, is one such concept. It limits emissions of soot and oxides of nitrogen (NOx) by enhancing mixing and keeping the combustion temperature low using high EGR rates. The low oxygen content of the charge produces longer ignition delays, which gives more time for mixing and leads to lower equivalence ratios in the jet section. A complementary conceptual model for LTC at low load was presented by Musculus in 2006 [16] . A model of a quasi-steady jet is not adequate since ignition occurs after the end of injection. In the model, soot was not observed until late after ignition and only in the recirculation zones, after the jet had interacted with the bowl wall. No evidence of soot was found in the section of the jet.
Instead, OH and NOx were found here, indicating the occurrence of high temperature combustion. OH was also found around the jet head vortices indicating soot oxidation activity in these regions.
LTC mainly decreases soot and NOx emissions by reducing the combustion temperatures [11] , although increased premixing may be a contributing factor in some cases. With increasing ignition delays, some regions may become too lean through over-mixing and end up below the ignitability limit. In particular, over-mixing has been observed for low load LTC in the near nozzle regions. [17] To analyze this phenomenon, a one-dimensional model of air-entrainment in a transient diesel jet has been developed by Musculus. It is based on several investigations of LTC and the over-mixing process in the jets after the end of injection (EOI) [18] . It describes enhanced airentrainment in the jet after EOI as an entrainment wave, which is predicted to travel from the nozzle in the downstream direction at twice the original jet propagation speed. It increases mixing by a factor of up to three compared to the steady jet and lowers the local equivalenceratios in the jet. Similar results are found in [19] . The entrainment wave was also shown to cause a decrease in axial jet velocity causing mixtures to remain stagnant close to the injector. Figure 5 shows the result of a simulated 0.5 ms top-hat injection under LTC conditions using the 1-D transient model discussed above. The ambient conditions were 900 K, 12.7% O2, and a density of 19.3 kg/m 3 , in order to reproduce realistic engine conditions. Mean equivalence-ratio profiles of the transient jet are indicated for different timings after start of injection (SOI) and compared to a steady jet. Mean equivalence-ratios in the steady jet show an expected evolution,
i.e. roughly inversely proportional to the downstream distance, following the analytical expression of Naber and Siebers [20] . In the upstream region, the transient jet shows significantly lower equivalence ratios rapidly after EOI (at t=0.50ms). The entrainment rate in the downstream regions initially follows the steady jet behavior, but by t=1.00 ms also the downstream regions are rapidly leaning out. A threshold equivalence ratio for vaporization is indicated in the figure at a mean equivalence ratio of 2.5. It can be seen that no liquid fuel is left in the jet after t=0.60 ms in the simulation, as a consequence of the enhanced mixing. In a similar way, an equivalence ratio threshold for ignition or complete combustion lies around 0.5 for diesel fuel. The figure clearly shows that mixtures in the upstream region quickly fall below this value after EOI. A large part of the jet is over-mixed by t=1.50ms.
Challenges of combustion in diesel engines
Emissions legislations
Carbon dioxide was previously an unregulated emission from internal combustion engines.
However The other regulated emissions for harmful pollutants concern NOx, carbon monoxide (CO), unburned hydrocarbons (UHC), and particulate matter (PM). PM is a general category for all liquid or solid particles found in exhaust gases. Soot is the most important component of PM for diesel engines. Table 1 and 2 present the on-road European regulations for light and heavy-duty diesel vehicles, respectively. Similar standards are found in other regions of the world. The regulations are getting more challenging for every step and significant reductions of harmful pollutants has been achieved during the past twenty years. A combined effort of research and development on both in-cylinder pollutant control and after-treatment have permitted fulfillment of the latest regulation levels.
Diesel particle filters (DPF) are becoming more common to control the PM emissions. The filters can help meet the regulations, which are specifying a mass of PM, but may displace the size distribution towards smaller particles. These small particles, in the nanometer range, are potentially harmful for respiratory systems [22] and a particle number emission limit of 600 billion per kilometer is effective for the Euro 6 stage for all categories of diesel vehicles [21]. In-cylinder pollutants formation and oxidation
Traditionally, diesel combustion research has focused on the mechanisms behind soot and NOx emissions, as these have been considered as the major pollutants. Simulation work by Akihama et al. gave a major insight in soot and NOx production mechanisms, notably by using the socalled Φ-T map introduced by Kamimoto and Bae [11, 23] . Following a fuel element along the conventional diesel path in Figure 6 , it is seen that the mixture grows leaner and hotter during the ignition delay, due to mixing with ambient gases. In this case, ignition occurs when Φ has reached a value slightly over two. The ignition of premixed mixtures causes a steep temperature increase until the start of the mixing controlled phase of the combustion, i.e. the diffusion combustion. Soot forms when a fuel element passes through the soot formation zone, which is located approximately between the temperatures 1600 and 2400 K, and a Φ-value larger than two.
During the mixing-controlled phase, the theoretical fuel element follows the adiabatic flame temperature corresponding to the ambient oxygen concentration, 21% in this example. This phase gives peak combustion temperatures above 2200 K. NOx is formed at these high temperatures when equivalence ratios are below 1.5. Finally, the late combustion phase features a temperature decrease and lean mixtures, with Φ below unity. What is not seen in Figure 6 is the soot oxidation zone, characterized by low equivalence ratios and temperatures between 1400
2000 K [25] . The engine out soot level corresponds to the difference between the amount of soot formed and oxidized. Engine-out soot emissions can thereby be decreased both by reducing soot formation and enhancing oxidation.
The NOx formation reactions are frozen when the temperature drops in the expansion stroke.
Since there is no significant in-cylinder oxidation of NOx, this means that most of the NOx formed survives until the exhaust valves open,. Therefore, controlling NOx emissions is a matter of reducing NOx formation. There are three main mechanisms for NOx-formation in combustion. First, fuels containing organic nitrogen can form so-called fuel-NOx.Secondly, NOx can be formed in rich zones through the so-called prompt mechanism. Finally, NOx can be formed by reactions between N2 and O2 in the air. This mechanism is sensitive to temperature and is therefore called thermal NOx. It has a fast formation rate at high temperature and fast cooling rates cause a freezing of the reactions. Thermal NOx is generally the dominant source in diesel combustion. The reactions describing thermal NOx formation are given by the extended Zeldovic-mechanism [26] :
LTC: an alternative diesel concept LTC is an alternative diesel concept using large EGR rates in order to avoid the soot and NOx formation zones in the Φ-T space. The mechanism is based on reducing the combustion temperature to avoid the zones in the Φ-T-space that has the highest production rates of soot and
NOx (see Figure 6 ) [11] . The superior heat capacity of EGR compared to air reduces the temperature rise for a given heat release in the combustion chamber by lowering the adiabatic flame temperature [27] . EGR also slows down the kinetics by introducing inert gases in the mixture. Lower peak temperature during LTC operation permits avoidance of the thermal NOx formation zone above 2200 K. Therefore, low engine-out NOx emissions can be achieved.
However, significant drawbacks exist for LTC concepts and raise new issues. High EGR rates can affect soot oxidation late in the cycle due to the low oxygen content in the cylinder and therefore soot emissions can be problematic until the EGR rate is high enough to prevent soot formation, which usually occurs in the range of 60% [13, 28] . An other major drawback of using higher EGR-rates is the elevated levels of CO and UHC emissions that are not problematic in conventional diesel cases using low dilution rates.
Over-lean mixtures can be formed in some regions due to the slow reaction rates at lower combustion temperatures [29] . A local equivalence ratio below the ignitability limit, approximately Φ=0.5, causes non-complete oxidation of the fuel and will cause CO and UHC emissions. However, both CO and UHC can originate from rich mixtures as well [30] . The increase in these emissions caused by partially oxidized fuel during the combustion process has an impact on combustion efficiency which is further disadvantage.
LTC and other similar partially premixed diesel concepts are currently being investigated to further understand and minimize the drawbacks of these concepts while taking advantage of the low soot and NOx emissions achievable.
Cold starting issues
Cold start at very low ambient temperatures is another important and challenging aspect of diesel engine development. At ambient temperatures down to -25 °C it is difficult to auto-ignite the charge. Cold starting represents only a minor part of the engine utilization, but demands on cold starting performance may still compromise the development of other aspects of the engine.
There is a general trend towards lower compression ratios. This is due to ever higher specific powers [31] and more stringent emission legislations, especially for NOx. This trend poses even greater challenges for cold start performance, as lower compression ratios mean lower pressure and temperature levels in the cylinder at start of injection (SOI). This leads to fuel evaporation issues. It has been demonstrated that as much as 80% of the injected fuel mass does not burn during a cycle at 273 K conditions [32] . Most of it adheres to the cold surfaces and is difficult to vaporize.
A typical cold start for light-duty diesel engines is presented in Figure 7 and can be divided into five phases. First, the glowplug is glowing during a given period, here 10 seconds. After this, the starter motor is activated and the engine is cranked up to 200 rpm until the combustion takes over. Cranking time is longer at lower temperatures. At engine start an engine speed overshoot is typically observed. It is due to a steep load increase during the first combustion cycles. Load can be in the range of 8-11 bar IMEP in this third phase. The engine speed is then unstable for a limited period of time where load and combustion phasing variations are large. The last phase commences when engine speed stabilizes at the nominal idle speed. The unstable phase before idle stabilization is of interest for investigation of the mechanisms causing these load variations. Automotive manufacturers are concerned by good cold startability performance and efforts are put into improving it.
Objective
In order to contribute to the development of diesel engines, there is a need to better understand in-cylinder pollutant formation and oxidation. Combustion is a complex process with a large variety of parameters. New combustion concepts or hardware technologies help fulfill certain needs but also bring new questions.
The goal of this work is to investigate various key factors of diesel jets to gain knowledge on specific combustion mechanisms and on the formation and oxidation of pollutants. In-cylinder observations of these mechanisms are coupled to engine-out emissions. The use of optical diagnostics provides insight in numerous mechanisms during the combustion event without being too intrusive.
Optical engines and diagnostics
Design of Bowditch-type optical engines
Optical engines allow visual access to the combustion chamber and are valuable tools for combustion diagnostics. As a complement to combustion vessels, where fundamental combustion studies can be conducted, optical engines provide a realistic engine environment for combustion investigations. The optical access, usually on one of the cylinders only, is made by exchanging some metal parts of the combustion chamber with transparent material, often made in quartz.
Different optical engine designs exist. Some have only access to the combustion chamber via an endoscope, which enables high load operation but limits the optical access. The design proposed by Bowditch is commonly used in optical engine research. It provides better optical access but is operable in a more limited load range. [33] The work presented in this thesis was performed either in light-or heavy-duty optical engines of Bowditch design. The engine-size does not affect the design principle significantly. Figure 8 presents schematics of an optical engine. The lower part of the engine is not modified. A hollow piston elongation (b) is fixed on the original piston and an optical piston (a) is mounted on top of the elongation. Since only one of the cylinders is modified for optical studies, the others are drilled-through to prevent compression work and a mass of tungsten is added on top of them to compensate for the mass increase of the optical piston and prevent vibrations.
The optical access from under the piston is obtained with a 45° mirror, not represented in the schematics, mounted fixed on the engine block inside the hollow piston elongation. Furthermore, a liner of quartz, or of metal with quartz windows, is mounted under the firedeck to permit optical access to the combustion chamber from the side. It enables viewing from the side but it is often used as optical path for lasers when using laser-diagnostics. As a consequence of this optical liner design, the piston rings have to be mounted low on the optical piston crown in order not to pass over the junction between the main liner and the optical liner, see (a) in Figure 8 .
The piston glass can be made in various shapes and it is possible to replicate the original piston bowl geometry. However complex curved geometries introduce optical distortions to the data that need to be corrected with specific algorithms. Furthermore, sharp edges like in the case of a reentrant bowl can cause very high local thermal stresses and may cause failure of the piston.
Limitations of optical engines
Optical engines of Bowditch type enable combustion studies with optical diagnostics in realistic conditions with a comfortable optical access. Even though optical engines are a key element in gaining knowledge on real life combustion mechanisms, the limitations of these engines are not negligible and must be taken into account when designing experiments.
The most obvious limitation of this type of optical engines is the load capability of the design. Optical parts made in quartz are not able to cope with high peak pressures and high pressure derivatives may be even more problematic. Therefore, mostly low to medium load cases can be studied in the test engines of this work. As mentioned previously, stronger designs that only have endoscopic access may resist full load operation, but this is at the expense of the optical access.
An important aspect of studies in optical engines is to reflect the conditions of an ordinary metal engine in order to maintain the relevance of the investigations. Research has shown that the low heat conductivity of quartz compared to aluminum could affect the wall temperature in the cylinder and, as a consequence, influence the combustion process [35] . A skip fire routine can be adopted to avoid these issues and achieve the same wall temperature for the quartz and aluminum pistons. Furthermore, given the less efficient cooling system of the optical combustion chamber compared to a metal engine, skip fire operation modes help limiting the thermal load of the engine.
Furthermore, the in-cylinder conditions at TDC are essential parameters for combustion processes. The compression ratio is a key element to reproduce the same condition as in a metal engine. However, in order to avoid contact between the piston and the valves with a safe margin, the squish height of optical engines is usually increased compared to metal engines. A second major difference is the low position of the piston rings, see Figure 8 , which creates a larger ring land volume than the original piston design. As a result, boost pressure has to be adjusted to simulate the original compression ratio and density at top dead center. A recent study [36] has shown the deformation of various engine parts due to gas forces around compression TDC. It was brought to light that in some cases, the squish height is largely increased and influences the theoretical volume calculations as well as the spray targeting in the piston bowl. An important conclusion of this study is that half of the squish heigh increase is caused by compression of the original piston and connecting-rod assembly.
Research has been conducted to identify the differences between all-metal and optical engines in terms of combustion characteristics [37, 38] . It was found that the use of optical parts affect the combustion process. The effects can be seen both in the heat release and in the exhaust emissions. They are explained by the poor heat conductivity of quartz compared to steel or aluminum. The presence of optical parts can, however, be compensated for. It was shown that the influence could be eliminated if the inlet temperature was lowered. This resulted in the same heat release rates, regarding both phasing and shape, as well as the same exhaust emissions for the metal and optical engines.
A specific issue with single cylinder operation, even more when skip fire routines are employed, is the usage of exhaust gas recirculation. The exhaust gas flow of the engine in such conditions is pulsating and not suitable for controlled dilution of the inlet charge. In the main test facility used during this thesis, exhaust gases are generated by an external diesel furnace working at stoichiometric conditions. These exhaust gases are in theory free from air, unburned fuel, and particles. They also provide a realistic substitute for EGR.
Finally, investigation of diesel combustion through transparent parts in contact with combustion raises window fouling issues. Under some conditions only a few combustion cycles can be performed before cleaning is necessary. The deposit on the surfaces, mostly soot, causes attenuation of the signals recorded and can introduce measurement errors. Some diagnostics are providing a low signal level to start with and attenuation becomes an even larger issue in these case.
Conventional diagnostics for combustion investigations
Heat release and temperature calculations
Optical engines are equipped with standard measurement devices similar to metal engines. A pressure transducer, often installed in the glow plug location, measures the pressure trace inside the cylinder. Knowing the volume of the combustion chamber as a function of the crank shaft position the heat release during an engine cycle can be calculated. Heat release analysis can give interesting information of the combustion process globally in the cylinder. Pressure and temperature are assumed uniform in the combustion chamber since the pressure trace measured in one point of the cylinder volume is the basis of heat release calculations. A brief description of heat release calculations is given in this section based on [26] and [39] . The first law of thermodynamics applied to the combustion chamber as a system gives:
with dQ/dt being the heat added to the system per unit time (i.e heat released by the combustion minus heat transfer to the chamber walls). dU/dt represents the change in internal energy, dW/dt is the piston work per unit time. The last term represents mass flux across the system boundary with mi and hi representing the mass and enthalpy, respectively, of an element i entering the system, such as injected fuel or flow into and out of the crevice regions.
The objective is to derive Eq.4 in order to express it as a function of volume and pressure. The internal energy, U, can be expressed as
where m is the mass in the system, Cv the specific heat at constant volume and T the temperature.
Assuming the mass to be constant in the system, the derivative of the internal energy is
In order to express the temperature derivative with known parameters, the ideal gas law is employed. Likewise, the global temperature (i.e. for both burned and unburned gases) can be obtained by applying the ideal gas law to the pressure data acquired,
Neglecting mass losses and considering R to be constant, the internal energy of the system per unit time can now be expressed as
The second factor in Eq.4, the work performed on the piston, can be written as a function of cylinder pressure p and volume V as
Neglecting mass exchange and inserting Eq.8 and Eq.9 in the expression for heat release (Eq.4) we obtain
Making the assumption of an ideal gas, the constant R can be expressed as a function of the specific heats at constant pressure and volume:
The ratio of specific heats, γ, is given by
Then, the first right hand term of Eq.10 can be expressed:
Eq.10 can be written as follows:
V dp dt (Eq. 14)
Heat transfer to the walls, dQHT/dt, can be estimated and added to Eq.14 in order to calculate the heat actually released by combustion. Assuming a uniform and constant wall temperature, we
where Awall is the wall area and h is the heat transfer coefficient. The latter is estimated by a relationship developed by Woschni [26] :
with C, a constant, B, the cylinder bore and w a characteristic speed given by
Here, C1 and C2 are constants, Sp is the mean piston speed, Vd is the displacement volume, Tr, pr
and Vr are the temperature, pressure and volume at a reference point (e.g. inlet valve closing or start of combustion). Finally, pm is the pressure during a motored cycle at the same crank angle position as p.
Heat release calculations are based on numerous assumptions and estimations. The actual compression ratio is difficult to obtain with precision and has influence on volume calculations.
Since volume is a major parameter in heat release calculations, such uncertainties can have a large impact on the heat release analysis. Furthermore, the ratio of specific heats, γ, is often estimated for a given gas composition and temperature during the inlet stroke. Compression and combustion will change these parameters and thereby the actual value of γ during the engine cycle. Moreover, the volume calculations are based on geometrical data, in reality the engine geometry can be changing due to temperature of the materials and gas pressure effects on the several engine parts such as piston and connecting rod. Finally, the exact synchronization between the pressure and volume traces is of major importance for heat release calculations and can introduce large errors if it is not correct.
Emission measurements
The analysis of exhaust gases is an important aspect of engine investigations in the scope of this thesis. For many studies, the optical diagnostics results are correlated to exhaust emissions in order to understand the underlying processes of in-cylinder pollutant formation better. Here follows a brief description of the measurement techniques used to measure the engine-out emissions that are investigated in this thesis, i.e. unburned hydrocarbons and smoke.
Exhaust gases are ideally sampled close to the cylinder head in the exhaust pipe and pumped to the measurement devices through a heated line in order to avoid condensation of the hot exhaust gases. Condensation along the way would affect the measured concentration of the different substances of interest.
Unburned hydrocarbons are detected with a flame ionization detector (FID). Combustion of hydrocarbons forms electrons and positive ions. Therefore, by burning unburned hydrocarbons in an electric field formed by two electrodes, a measurable current flow is obtained and corresponds to the number of carbon atoms present. FIDs usually use a hydrogen-helium-air flame between the electrodes since it does not cause any ionization that would interfere with the measurements.
Calibration of the instrument is necessary to assure accuracy of the obtained values. At first, pure nitrogen is pumped in the FID to zero the output value. Then, a calibration gas with a known UHC concentration is used and the value obtained is adjusted if necessary. [40] Smoke level is most often measured with a filter method. A sample volume of exhaust gas is drawn through a white filter paper. The reflection of the darkened filter is then measured with a light source and compared to the original reflection of the paper. A filtered smoke number (FSN) is then obtained in the range 0, unaltered reflection, and 10, zero reflection. [40] . The FSN values can be related to more practical soot concentration values in the exhaust gases. [40, 41] 
Optical diagnostics for combustion investigations
Passive optical diagnostics
Combustion emits natural luminosity in a broad wavelength domain. A common example is the visible luminosity emitted from a log fire or burning candle. The origin of natural luminosity is diverse since several components contribute to the total luminosity. Sooting flames have a major part of their luminosity originating from glowing soot particles. Soot is considered as a black body since it absorbs and incandescently re-emits radiation in a characteristic, continuous spectrum. The emission spectrum of black bodies is wavelength and temperature dependent, as described by Planck's law, The radiation intensity profile is broadband and its peak value is blue shifted , i.e. shifted towards shorter wavelengths, when the black body temperature increases. Furthermore, the peak intensity is significantly increasing with temperature. Therefore, black bodies appear to be black at ambient temperatures due to the low radiation intensity and shift towards blue color at higher temperature.
Given the broadband nature of black body radiation, and the fact that peak values are in the visible wavelength domain for combustion relevant temperatures, capturing soot luminosity can be done with a regular visible detector and a glass lens. A global estimation of soot luminosity during the combustion event can also be performed with photodiodes and filters for specific wavelengths.
Natural luminosity from soot is an important aspect in optical diagnostics of diesel combustion.
However, other radiations, like chemiluminescence from excited radicals, are naturally emitted during combustion. A radical of major interest for chemiluminescence measurements of diesel combustion is the hydroxyl radical (OH). It indicates regions of high temperature and stoichiometric combustion [42, 43] . The high temperature reactions produce a significant amount of the excited state of OH (OH*). The chemiluminescence emitted from OH* returning to its ground state gives a banded spectrum, unlike the broadband, continuous spectrum of soot mentioned previously. This banded spectrum has one of its strongest peaks near 310 nm [44, 45] .
A band pass filter centered around this wavelength can be employed to capture the distribution of OH on a UV sensitive camera.
Interferences from soot luminosity in the acquired OH-chemiluminescence signal can be an issue. Due to its broadband nature, natural luminescence from soot can be transmitted through a narrowband UV interference filter. This concern is greater at higher soot temperatures since radiation in the UV region becomes stronger. Care must be taken to avoid misinterpreting the data, especially for highly sooting cases. To avoid this problem, a camera equipped with a stereoscope can be used with an interference filter on one entrance and a neutral density filter on the other. This setup produces two simultaneous images of the combustion process that can be used to distinguish the much weaker OH-chemiluminescence from soot luminosity.
Since no light source is employed for natural luminosity measurements, the signal is obtained from the integrated line of sight. For instance, this means that signal is acquired from the whole volume of a jet. This is another aspect to take into account when drawing conclusions from data obtained by these passive diagnostics.
The temperature dependance and the line of sight aspect of these measurement techniques are significant limitations. However, this type of diagnostic is a very useful tool for numerous diesel jet investigations, for example lift-off length determination.
Laser-based diagnostics
Laser diagnostics are more detailed and complex measurement techniques compared to the natural luminescence measurements. These active optical measurement techniques use external radiation sources, to generate signal from given species in a finite measurement volume. This volume can be a point, a line , a plane or a three dimensional region. Therefore, the line of sight aspect of the diagnostic is generally not an issue. Pulsed lasers, which are common in laser diagnostics, makes it possible to obtain a frozen picture of a transient combustion process. They also give the possibility of high time resolution in the measurements. Two laser-based optical diagnostics will be presented in this section, laser induced incandescence and laser induced fluorescence, since they have been used in the work of this thesis.
Laser induced incandescence (LII) is a commonly used diagnostic technique aimed at visualizing
soot volume fraction [46, 47] . LII is created by a laser pulse heating particles to a temperature significantly higher than the surrounding medium. The upper limit of the soot particle temperature is ~4000 K. Above this temperature sublimation of small molecules (e.g. C2 and C3) from the soot particles prohibits further temperature increase. Since the laser heated soot particles are much hotter than the surrounding gas their emitted light spectra are blue shifted compared to the surrounding cooler particles. The blue shifted light is collected as the LII signal, usually at short wavelengths where the flame background luminosity is insignificant, since the black body radiation of soot particles is temperature dependent. [42] . A short camera gate is usually a way to get rid of background luminosity when collecting LII signal.
Controlling the level of the background luminosity is not the only concern for LII signal collection. The laser radiation used to heat up soot particles can have the side-effect of exciting certain molecules, causing laser-induced fluorescence (LIF) as they relax to their ground state.
Interferences from LIF can be collected together with the LII signal, due to wavelength and intensity similarities of the signals, and lead to misinterpretation of the soot concentration. LII can be performed with a Nd:YAG laser at 1064 or 532 nm but the latter has been seen to cause LIF of poly-aromatic hydrocarbons in highly diluted conditions [48] and therefore 1064 nm can be preferred to avoid interferences.
Furthermore, LII signal can be affected in highly sooting combustion environments by two major problems: the extinction of the laser sheet by the soot particles and the attenuation, or trapping, of the signal while propagating from the measurement plane to the detector. Both of these effects are spatially inhomogeneous and, therefore difficult to compensate for. However, improvements can be made for extinction problems by adjusting the fluence of the laser, i.e. the laser pulse energy divided by the cross section of the laser sheet. The LII signal is typically proportional to the laser fluence. A higher fluence yields a higher LII signal since soot particle temperatures become higher. This dependence on the fluence is the reason for extinction issues and can be suppressed if the laser fluence becomes high enough. Sublimation of soot particles then reduce the signal strength at the same rate as the increased fluence increases it. As a result the LII signal intensity becomes independent of the laser fluence. This regime is called the fluence plateau. Therefore, despite laser extinction by soot particles along the path of the laser sheet, LII can remain on the fluence plateau and provide an unaffected signal intensity.
Planar laser induced fluorescence (PLIF) imaging is a diagnostic technique for measuring distributions and potentially concentrations of species in the combustion process. A laser is used to excite given molecules which then spontaneously relax from their excited state to their ground state. Photons are emitted during the relaxation process and the wavelength of this fluorescence corresponds to the distance between the excited and relaxed energy levels. Usually fluorescence takes place at longer wavelength than the excitation wavelength. For example, OH-PLIF is often excited at 284 nm and signal is collected around 310 nm with appropriate filtering.
Excitation and fluorescence wavelengths are specific for a given molecule although overlapping absorption spectra is possible. For example, in some cases like 355 nm excitation LIF, the fluorescence signal is likely to originate from several molecules present during combustion, e.g.
formaldehyde and poly-aromatic hydrocarbons since they all can be excited by the 355 nm laser light. In such cases, a spectrograph can be used in addition to the LIF capturing camera to spectrally differentiate the species. The very specific spectral fingerprint of the formaldehyde band spectrum between 380 and 450 nm is used to extract formaldehyde-LIF signal from the broadband PAH-LIF signal.
Results and discussion
Cold start
As mentioned in the introduction section, the trend in the development of diesel engines goes towards lower compression ratios in order to achieve low NOx emissions and to comply with stringent legislations. A consequence is lower compression temperatures in the cylinder by the start of injection. This aspect becomes an issue when starting at low or very low ambient temperatures (-20°C) since evaporation and auto-ignition of the diesel jets are dependent of the compressed temperature in the cylinder.
Investigating different injection strategies provided a promising method to counter evaporation and ignition issues at cold conditions. Natural luminosity imaging showed that, with a single injection, the combustion does not spread to the whole piston bowl, see Figure 10 . Only the jet closest to the glowplug in the downswirl direction is reacting fully. The localized combustion kernel is then transported downswirl along the bowl wall but no evidence of complete reaction in the other six jets is observed.
A factorial experiment was conducted to investigate the effects and interaction effects of engine block, fuel and inlet-air temperature on ignition and combustion stability. Engine block temperature was found to be the most significant parameter for cold start optimization, both in terms of load achieved for a given injected fuel mass and of combustion phasing. Inlet air temperature was shown to be the second most significant factor, especially affecting load stability. However, it is clear that the influence of the engine block temperature on the inlet air temperature is not negligible. Heat transfer between the cylinder head and the inlet air can influence the real origin of the observed effects.
Fuel temperature at the high-pressure pump inlet was found to be a less significant factor for most responses. Similarly to the limitation mentioned above, the actual temperature of the injected fuel can be influenced due to heat transfer in the injection system. A detailed investigation of in-cylinder inlet air and injected fuel temperature would help studying the problem with more accuracy.
The relative position of the glow-plug and the nearest spray revealed that increasing the angle can improve combustion phasing stability and reduce the pressure derivative, i.e. combustion noise.
The second part of the study was focusing on the investigation of injection strategies for improved cold start performance. Five different multiple injection strategies were analyzed and compared to a single injection case. This was done using natural luminescence imaging and global temperature calculations, presented in Figure 11 , from pressure trace measurements. The single injection case shows a large temperature drop due to the large amount of fuel to evaporate at once. Promising results were obtained when adding several pilot injections while keeping the total injected fuel mass constant. The cases with one, two or three pilots show that more pilot injections move the temperature closer to the motored case. It means easier evaporation for each pilot and as seen on the plot, earlier start of combustion. Shorter injections appear to be the key to improved fuel evaporation.
A strategy with three pilot injections was found to be the best configuration. The pilots were set with increasing fuel mass and it seems to be advantageous for better load stability and higher load. The natural luminescence results, shown in Figure 12 , indicate that a more homogenous ignitable mixture is obtained with this injection strategy. It is probably a consequence of a reduced temperature drop due to an easier evaporation of the progressive pilots. These conditions allow the pilots to react early and thus release heat to compensate for the evaporative cooling. This study of cold starting at low ambient temperature in an optical diesel engine was one of the first of this kind. Investigations of cold start during realistic conditions in optical engines are rare and few studies were found in the literature [49, 50, 51] . The unique aspects of the present study are the optical investigation of advanced injection strategies, their effects on after-start stability and the separation of the effects of engine block, fuel, and inlet air temperatures on after start stability.
Many technical issues were brought to light during the preliminary tests and specific procedures were progressively defined to assure the repeatability and quality of the measurements. Based on the technical knowledge acquired during this investigation, more specific diagnostics could be employed to explore cold starting and multiple injection strategies more in detail in future 
Smokeless spray combustion
The common image for conventional diesel combustion without EGR is a quasi-steady jet with soot formation and growth shortly after the lift-off region in the downstream direction [10] . The present investigation employed an operating condition similar to that investigated by Dec when developing his conceptual model. There were, however, three major differences compared to these conditions: smaller injector orifices, higher injection pressure and higher TDC density.
Despite the fact that it was not a LTC strategy for soot reduction, this operating case produced no smoke at all. Non-sooting mixing controlled combustion has previously been demonstrated in a pressurized combustion vessel when the equivalence ratio, Φ, falls below approximately two [52, 53] . However, demonstrations of this combustion mode in an optical engine has not been found in the literature. The current study can be seen as a complement to the previous studies in combustion vessels. The conceptual model was used as a reference for comparison.
The results obtained with combined simultaneous laser diagnostics revealed a significant difference in the soot formation process. Laser induced incandescence at 1064 nm showed the absence of soot in the section of the jet between the lift-off region (16 mm from the nozzle) and the bowl wall (40 mm from the nozzle). However, high-speed line of sight natural-luminescence measurements showed the presence of soot close to the bowl wall along the bowl floor. The soot luminosity vanishes shortly after the CA50 timing. These results imply that the soot formation process in the present case is much slower than the in the conceptual model case and is therefore visible in the far downstream regions of the jet, i.e. in the recirculation zones.
The absence of soot in the section of the free part of the jet, i.e. before reaching the bowl wall, can be explained by lower local equivalence ratios in the center of the jet. Theoretical calculations using the air entrainment model by Naber and Siebers show that the mean equivalence ratio across the jet section at lift-off is below 1.5. A threshold value of two was identified as the sooting threshold for diesel jets [11] .
The high air entrainment rate in the present study compared to Dec's conceptual model can be explained by the parameters named earlier. Mainly, the smaller orifice diameter causes significant air entrainment increase. The higher ambient density is also affecting the air entrainment but to a lesser degree. Finally, the higher injection pressure is believed to reduce the residence time of a fuel element at a given location in the jet. A shorter residence time at a given soot formation rate will result in a lower overall soot production. The location of the first POF signal along the jet axis being downstream of the first detected OH implies that either the local equivalence ratio or the temperature is not appropriate for first stage ignition at the center of the jet at lift-off. Since the equivalence ratio calculated at lift-off is low, temperature is an interesting parameter to investigate. The high temperature reaction zone (OH)
at the periphery of the jet is likely to contribute with hot burned gases and raise the temperature of the jet inner mixtures until first-stage ignition is set as represented in Figure 13 .
An additional important aspect of the current study that differs from the the conceptual model is the utilization of a three hole nozzle compared to eight holes in Dec's study. With three holes, the jets can be considered as isolated and jet-jet interactions are minimal until the end of injection for such a low load case. Closely spaced jets implies high temperature burned gases recirculating in the upstream direction between the jets and being entrained upstream of the lift-off length. This effect contributes to shorten the lift-off length since the jet mean temperature is higher and autoignition can occur earlier. However, the lift-off length of the present case is comparable with the one of Dec's study. The three hole nozzle of the present study provides less jet-jet interaction and entrainment of hot gases but higher TDC density and injection pressure compensate for it and the lift-off stabilizes approximately at the same location.
UHC reduction by post-injection for an LTC case
Low temperature combustion is a concept aimed at reducing NOx and PM from diesel engines by dilution of the charge with large amounts of cooled EGR, as described in a previous section.
However, drawbacks in terms of elevated UHC emissions are known for low load LTC conditions.
Previous studies have shown that over leaning of the jet after end of injection, due to enhanced air entrainment, results in mixtures too lean to ignite in the near-injector region. This behavior is especially seen at low loads when the ignition dwell, i.e. time between end of injection and start of combustion, is large.
The objective of this study was to investigate the potential of post-injections to locally increase the equivalence ratio and render the mixtures ignitable in order to reduce UHC emissions from low load LTC. Issues with over-mixing after the end of the post injection, creating the same UHC problem, were solved by adjusting the post-injection parameters as described later in this section.
Combined laser diagnostics were used for indirect measurements of mixing. Combustion intermediates were used as indicators of the local stoichiometry. Formaldehyde can be found in regions ranging from fuel lean to fuel rich but it persists late in the cycle only in fuel lean regions. Furthermore, OH concentrations are high in near-stoichiometric regions. Third, PAH is known as a soot precursor and is found in overall fuel rich regions. Using combined OH and 355nm PLIF, the different combustion intermediates can be imaged and give information about the local stoichiometry. Formaldehyde and PAH can be extracted from spectral analysis of the 355-PLIF fluorescence signal since formaldehyde has a particular spectrum with seven distinct peaks between 385 and 445 nm.
It was found that for a single injection, OH radicals are formed in the downstream regions close to the bowl wall and stagnate in this location late in the cycle as shown in Figure 15 .
Formaldehyde, i.e. lean regions, are found after EOI around the injector in the center of the bowl as seen in Figure 14 . No sign of fuel rich regions were observed for this case.
A post-injection strategy able to reduce measured exhaust UHC emissions was found to be achievable, though very sensitive to the settings of the post-injection. A case with 20% decrease in UHC emissions was found and repeatability tests showed good results. The post-injection for this case was closely spaced after the actual end of main injection, by one CAD. Rate of injection measurements showed that the momentum of the post injection is very low compared to the main injection and that the fuel mass delivered in the post only is small (1.8 mg). Pressure wave dynamics in the injector body and common rail system are suspected to cause this behavior since a one CAD shift in the start of post-injection, without changing the energizing time, gave a similar momentum as the main injection.
The small post-injection caused a sudden appearance of OH radicals in the upstream part of the jet by 9 CAD ATDC, see Figure 15 . This observation indicates that second stage ignition was made possible close to the nozzle by the post-injected fuel, which must have raised the local equivalence ratio towards stoichiometry.
A second case of post-injection was investigated to show the sensitivity of the local enrichment mechanism to changes in post injection strategy. The post-injection duration was kept constant but its start was delayed by one CAD. Exhaust measurements showed no influence of the post on UHC emissions for this case compared to the single injection. Furthermore, no OH radicals were seen closer to the injector. Instead the same trend as for the single injection was observed, see The fuel lean regions in the center of the bowl remained lean, correlating with the unchanged UHC emissions. Rate of injection measurements showed that post-injected fuel mass was nine times higher than the small post case and the momentum was similar to the main injection.
A comparison of the two post-injection strategies suggests that the momentum is crucial. The post injection momentum should be low enough for the penetration to remain relatively short.
The post-injected fuel should thereby remain in the near-injector region to enrich the over-mixed zones. Higher momentum in the post would carry the post-injected fuel too far downstream. The discovery of the small post-injection strategy leading to exhaust UHC reduction is the result of a trial and error process on the engine. This strategy can be seen as using pressure dynamics in the fuel system to achieve such a small post injection. Injector dynamics is not a controlled variable and the transfer of this particular injection strategy to another engine might not be straightforward. However, the working principle of the local enrichment by the post is valid and is the major novelty of this study. This paper investigates stability after start at low ambient temperatures in an optical light-duty diesel engine. The optical engine setup was modified in order to simulate the low temperatures without compromising the optical access. Using natural luminescence imaging, it was found that combustion is localized to the spray close to the glowplug in cold conditions. Identification of the effects of cooled down engine parts on combustion properties was then performed.
Furthermore, different injections strategies were investigated in order to enhance fuel evaporation and ignition in the whole combustion chamber. Promising results were obtained with several pilot injections and adjustment of the fuel mass injected between the pilots.
Experiments were carried out together with Ulf Aronsson. I post processed the data and wrote the paper together with Öivind Andersson. 
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